Membrane excitability is a fundamentally important feature for all excitable cells including both neurons and muscle cells. However, the background depolarizing conductances in excitable cells, especially in muscle cells, are not well characterized. Although mutations in transmembrane channellike (TMC) proteins TMC1 and TMC2 cause deafness and vestibular defects in mammals, their precise action modes are elusive. Here, we discover that both TMC-1 and TMC-2 are required for normal egg laying in C. elegans. Mutations in these TMC proteins cause membrane hyperpolarization and disrupt the rhythmic calcium activities in both neurons and muscles involved in egg laying. Mechanistically, TMC proteins enhance membrane depolarization through background leak currents and ectopic expression of both C. elegans and mammalian TMC proteins results in membrane depolarization. Therefore, we have identified an unexpected role of TMC proteins in modulating membrane excitability. Our results may provide mechanistic insights into the functions of TMC proteins in hearing loss and other diseases.
In Brief
Mutations in TMC cause deafness in mammals with an elusive mechanism. In this report, Yue et al. found that C. elegans TMC promotes egg laying through maintaining rhythmic calcium activity. Mechanistically, TMC proteins modulate resting membrane potential via a background leak conductance.
INTRODUCTION
Membrane excitability is a fundamental feature for all excitable cells (e.g., neurons, muscle cells, and certain neuroendocrine cells) by determining the responsiveness of these cells (Hille, 2001) . The two-pore-domain potassium channels are well established to function as potassium-leak channels and hyperpolarize the plasma membranes (Enyedi and Czirjá k, 2010) . By contrast, recent findings suggest that NCA/NALCN channels, which have a predicted membrane topology similar to the voltage-gated sodium and calcium channels , mediate the basal depolarizing Na + -leak conductance to modulate the neuronal resting membrane potential and regulate many physiological processes including basal locomotion, response to volatile anesthetics, and normal respiratory rhythms in both invertebrates and mammals (Cochet-Bissuel et al., 2014; Gao et al., 2015; Lu et al., 2007; Lutas et al., 2016; Xie et al., 2013) . It should be noted that, however, extra neuronal Na + -leak currents are still present in the absence of NCA/NALCN proteins and the channels mediating muscular background depolarizing leak conductance have yet to be determined (Lu et al., 2007; Xie et al., 2013) .
Among all motor functions of C. elegans, egg laying is probably the simplest and best-characterized behavior (Schafer, 2005) . The C. elegans egg-laying circuit comprises a three-component system: vulval muscles (vm1 and vm2) and hermaphrodite-specific HSN and VC (particularly VC4 and VC5) motor neurons (Schafer, 2006; Zhang et al., 2008) . Among them, HSN neurons play a central role in driving egg laying by directly stimulating vulval muscles through the neurotransmitter serotonin (5-HT) (Schafer, 2006; Zhang et al., 2008) . Previous studies have shown that the membrane excitability of both presynaptic motor neurons (via an anion channel CLH-3) and postsynaptic vulval muscles (via an ERG potassium channel UNC-103) is important for normal egg laying (Branicky et al., 2014; Collins and Koelle, 2013) . However, as both CLH-3 and UNC-103 mediate hyperpolarizing events, the depolarizing background conductance in the egg-laying circuit remains little known.
Transmembrane channel-like (TMC) proteins are a novel family of channel-like proteins conserved from C. elegans to humans (Keresztes et al., 2003; Kurima et al., 2003) . Eight TMC proteins are expressed in vertebrates, among which TMC1 and TMC2 are essential for mechanosensation in the auditory and vestibular hair cells (Askew et al., 2015; Kawashima et al., 2015; Keresztes et al., 2003; Kurima et al., 2003 Kurima et al., , 2015 Pan et al., 2013; Vreugde et al., 2002) . Although mutations in TMC1 and TMC2 cause deafness and vestibular defects, the precise functions and action modes of these two TMC proteins are still elusive (Corey and Holt, 2016; Fettiplace, 2016; Wu and M€ uller, 2016) . In addition, three other TMC proteins (TMC3, TMC4, and TMC7) are expressed in hair cells but their functions in hearing are largely unknown (Kurima et al., 2003; Scheffer et al., 2015) . The Drosophila genome encodes a single tmc homolog that acts in proprioception and food texture detection (Guo et al., 2016; Kurima et al., 2003; Zhang et al., 2016) . In C. elegans, two tmc genes (tmc-1 and tmc-2) have been cloned, among which tmc-1 is required for the ASH nociceptive neuron-mediated alkaline and salt chemosensation, while the expression and function of tmc-2 remain uncharacterized (Chatzigeorgiou et al., 2013; Wang et al., 2016; Zhang et al., 2015) .
In this study, we found that the C. elegans TMC-1 is expressed in both neurons and muscle cells, while TMC-2 is exclusively expressed in muscle cells. The disruption of TMC proteins hyperpolarizes membrane potential and reduces the rhythmic calcium activities of neurons and muscles involved in egg laying, thereby suppressing the C. elegans egg-laying behavior. Importantly, this egg-laying defect can be rescued by transgenic expression of TMC-1 and TMC-2 as well as mammalian TMC homologs. Furthermore, we revealed that TMC-1 and TMC-2 modulate neuronal and muscular excitability through a depolarizing background leak conductance. Taken together, our results demonstrate a novel role of TMC proteins in setting membrane potential and excitability in both neurons and muscle cells. Moreover, our studies establish TMC proteins as key components of muscular background leak conductances. 
RESULTS
TMC-1 and TMC-2 Promote Egg Laying TMC proteins are evolutionarily conserved and function as putative ion channels involved in hearing, proprioception, and chemosensation (Chatzigeorgiou et al., 2013; Corey and Holt, 2016; Fettiplace, 2016; Guo et al., 2016; Kurima et al., 2003; Wang et al., 2016; Zhang et al., 2015 Zhang et al., , 2016 . To investigate the functions of C. elegans TMC proteins, we analyzed the phenotypes of two loss-of-function alleles tmc-1(ok1859) and tmc-2(ok1302). Adult worms lacking either TMC-1 or TMC-2 accumulated more eggs in the uterus and had significantly less progenies ( Figures 1A-1C) . A more severely defective egg-laying phenotype was observed in tmc-1(ok1859);tmc-2(ok1302) double mutant worms, which retained about 3-fold more eggs compared to wild-type worms ( Figures  1A and 1C) . Importantly, expression of tmc-1 and tmc-2 driven by their endogenous promoters in tmc-1(ok1859);tmc-2(ok1302) double mutant background fully rescued the egglaying defect ( Figure 1C ), strongly supporting that TMC proteins are required for normal egg-laying behavior in C. elegans. We also noticed many late-stage embryos inside tmc mutants but not wild-type worms ( Figures 1A and S1 ). As a result, most tmc-1(ok1859);tmc-2(ok1302) double mutant worms died from internal hatching by day 5 of adulthood (data not shown).
The Expression Patterns of TMC-1 and TMC-2 After confirming the important roles of TMC proteins in C. elegans egg laying, we next set to identify the expression patterns of TMC-1 and TMC-2. It has been previously reported that TMC-1 is widely expressed in the nervous system as well as muscle cells (Chatzigeorgiou et al., 2013; Zhang et al., 2015) . However, it was unclear whether TMC-1 is expressed in HSN neurons and vulval muscles. To confirm the expression of TMC-1 in the egg-laying circuit, we generated a transgenic line expressing a fluorescent reporter protein mCherry driven by a 4.3 kb tmc-1 promoter. Consistent with previous reports (Chatzigeorgiou et al., 2013; Zhang et al., 2015) , we detected the expression of TMC-1 in a wide range of amphid and phasmid neurons as well as body wall muscle cells (Figure 2A ). Importantly, TMC-1 is also expressed in HSN neurons as indicated by the co-localization of Ptmc-1::mCherry and Pegl-6::GFP, which has been previously reported to label HSN neurons (Figure 2B) (Ringstad and Horvitz, 2008) . However, no TMC-1 expression was detected in vulval muscles using our TMC-1 transcriptional reporter line. To rule out the possibility of incomplete expression pattern due to our selected tmc-1 promoter element, we inserted an in-frame gfp cassette into the endogenous tmc-1 locus using the CRISPR/Cas9 knockin method (Li et al., 2015) . Using this approach, we observed TMC-1 expression in vulval muscles as well as several head neurons and body wall muscles ( Figure 2C ). As the GFP signal is relatively weak in our single copy GFP insertion tmc-1::GFP line, we performed GFP staining to investigate the subcellular localization of TMC-1 protein. Our staining results suggested that a large portion of TMC-1 proteins might be expressed on the plasma membrane ( Figure 2D ). In contrast to TMC-1, the expression pattern of TMC-2 was previously unknown. Thus, we constructed a transgenic line expressing GFP driven by a 3.4 kb tmc-2 promoter. This transcriptional reporter line suggested that TMC-2 is expressed in both body wall muscles and vulval muscles, but not neurons ( Figure 2E ). To further investigate the subcellular localization of TMC-2, we generated a translational reporter line Ptmc-2::TMC-2::GFP in which GFP is fused inframe with the C terminus of TMC-2. The co-localization of TMC-2::GFP with a plasma membrane marker mCD8::mCherry (Lee and Luo, 1999) suggested that TMC-2 is also expressed on the plasma membrane ( Figure 2F ). Thus, both TMC-1 and TMC-2 are endogenously expressed in the egg-laying circuit and their expression patterns correlate well with their functions in egg laying.
Since TMC proteins are also expressed in body wall muscle cells, we wondered whether locomotion behaviors are impaired in the tmc mutants. Wild-type worms crawl on an agar plate with continuous and rhythmic movements of sinusoidal body bends (Xie et al., 2013 worms exhibited normal locomotion speed ( Figure S2A ). Furthermore, we applied levamisole, an ionotropic acetylcholine receptor agonist that can induce paralysis in C. elegans due to muscle hypercontraction (Rand, 2007) , to wild-type and tmc mutant worms. Again, there was no difference between wild-type and tmc-1(ok1859);tmc-2(ok1302) double mutant in the levamisole-induced paralysis assay ( Figure S2B ). Thus, TMC proteins appear not to have a major role in the normal functions of body wall muscle.
TMC Proteins Act in Both HSN Neurons and Vulval Muscles to Promote Egg Laying
To identify the precise action site(s) of TMC proteins in the egglaying circuit ( Figure 3A ), we performed a serial of rescue experiments using tissue-specific promoters to drive the expression of tmc-1 and tmc-2 in distinct mutant background. In tmc-1(ok1859) mutant background, the egg-laying defect was largely rescued by expressing TMC-1 driven by its own promoter or by the clh-3 promoter (in HSN neurons) or by the myo-3 promoter (in muscle cells) ( Figure 3B ). Since TMC-1 is expressed in both HSN neurons and vulval muscles while TMC-2 is only expressed in vulval muscles, when TMC-1 is overexpressed in HSN neurons of tmc-1(ok1859) mutant, TMC-1 in HSN neurons and endogenous TMC-2 in vulval muscles rescued the egg-laying phenotype. On the other hand, when TMC-1 was overexpressed in vulval muscles, vulval muscle cells were activated because TMC-1 became gain of functional. Thus, the overexpression of TMC-1 in either muscles or neurons can rescue the egg-laying phenotype. In tmc-2(ok1302) mutant background, the egg-laying defect was rescued by expressing TMC-2 in muscle cells (Figure 3C ). Lastly, in tmc-1(ok1859);tmc-2(ok1302) double mutant, tissue-specific expression of TMC-1 in HSN neurons, HSN + VC4/5 motor neurons (driven by the cat-1 promoter), or muscle cells and TMC-2 in muscle cells all rescued the egg-laying defect ( Figure 3D ). Thus, TMC-1 and TMC-2 could function redundantly in both neurons and muscle cells to promote egg laying.
To further investigate the functions of TMC proteins in the egglaying circuit, we generated a transgenic line expressing Channelrhodopsin-2 (ChR2), a blue light-activated cation channel, in HSN neurons driven by the clh-3 promoter (Branicky et al., 2014; Yang et al., 2015) . In wild-type transgenic worms, ChR2 activation by blue light (0.1 mW/mm 2 ) robustly stimulated egg laying (Figures 3E and 3F) and calcium influx ( Figures  S3A-S3C ), and these responses were completely dependent on all-trans retinal (ATR), a cofactor of ChR2 (Branicky et al., 2014; Yang et al., 2015) . However, tmc mutants laid significantly fewer eggs upon light stimulation ( Figures 3E and 3F ), although HSN neurons were stimulated to a similar extent between wildtype and tmc mutant worms ( Figures S3A-S3C ). On the other hand, as vulval muscle is the effector in the C. elegans egg-laying circuit, optogenetic activation of vulval muscle should bypass HSN neurons and trigger egg laying. To test it, we expressed CoChR, a blue light-activated cation channel Chloromonas oogama Channelrhodopsin (Schild and Glauser, 2015) , in vulval muscles of wild-type and tmc mutant worms and stimulated these worms with blue light (0.02 mW/mm 2 ). As we expected, optogenetic activation of vulval muscles triggered robust egg laying (Figures 3G and 3H) and calcium influx (Figures S3D-S3F) and no difference was observed between wild-type and tmc mutant worms.
Egg Laying Evoked by 5-HT and Fluoxetine, but Not Imipramine, Requires TMC Proteins How do TMC proteins act in the egg-laying circuit? HSN neurons release serotonin to stimulate vulval muscles and promote egg laying ( Figure 3A ). In wild-type worms, egg laying is inhibited by hypertonic salt solutions such as M9 buffer and promoted by exogenous 5-HT (Branicky et al., 2014; Schafer, 2006) (Figures 3I-3K) . Thus, the serotonin reuptake inhibitors fluoxetine and imipramine can promote egg laying by increasing synaptic 5-HT availability (Branicky et al., 2014; Schafer, 2006) . We added 5-HT (7.5 mg/mL), fluoxetine (0.5 mg/mL), and imipramine (0.75 mg/mL) in M9 buffer and then examined the egg-laying behaviors in wild-type and tmc mutant worms. Upon 5-HT or fluoxetine stimulation, tmc mutants laid significantly fewer eggs than wild-type animals, supporting the important roles of TMC proteins in the serotonin-mediated egg laying ( Figures 3K and 3L) . Surprisingly, imipramine treatment slightly increased laid eggs in tmc mutants compared to wild-type worms, indicating that imipramine may promote egg laying of tmc mutants through a serotonin-independent pathway ( Figure 3M ). As a negative control, we found that egl-30(ad806) mutant, which is defective in the Gq signaling of HSN neurons and has significantly more unlaid eggs, was resistant to these drugs as previously reported (Dempsey et al., 2005) (Figures 3I-3N ).
The Hyperpolarizing K + Channel Antagonizes TMC
Proteins in Egg Laying
Puzzled by the distinct effect of imipramine on the egg-laying behavior of tmc mutants, it then came to our attention that imipramine could promote egg laying not only by potentiating serotonin neurotransmission in HSN neurons, but also by directly blocking the hyperpolarizing ether-a-go-go (EAG) K + channels in vulval muscles (Weinshenker et al., 1999) . Therefore, we hypothesized that the loss of TMC proteins could lead to the decrease of membrane excitability in vulval muscles, which would then inhibit egg laying and this effect could be antagonized by blocking EAG K + channels with imipramine. If this would be the case, genetic disruption of the hyperpolarizing K + channels should also suppress the egg-laying defect in tmc mutants.
To test this hypothesis, we crossed unc-103(sy557), a loss-offunction allele of EAG-related K + channel (Reiner et al., 2006; Schafer, 2006) , with our tmc mutants. As previously reported (Reiner et al., 2006) , unc-103(sy557) mutant was hyperactive in egg laying ( Figure 3N ). Importantly, tmc-2(ok1302);unc-103(sy557) double mutant also displayed hyperactive egg-laying behavior similar to unc-103(sy557) mutant and the egg-laying defect in tmc-1(ok1859) mutant was greatly rescued by unc-103(sy557) mutation ( Figure 3N ). Therefore, the hyperpolarizing K + channels seem to antagonize TMC proteins in egg laying. In conclusion, the main mechanism of TMC-1 and TMC-2 in promoting egg laying is probably through regulating the membrane excitability of vulval muscles. In addition, TMC-1 may also act in HSN neurons to promote egg laying.
TMC Proteins Maintain the Rhythmic Calcium Activity in Both HSN Neurons and Vulval Muscles
Having identified the expression and functions of TMC proteins in the egg-laying circuit, we next investigated how TMC proteins modulate the cellular activities of HSN neurons and vulval muscles. To test the functions of TMC proteins in these tissues, we generated transgenic animals expressing the calcium sensor GCaMP5.0 in HSN neurons (driven by the cat-1 promoter) and vulval muscles (driven by the tmc-2 promoter) (Akerboom et al., 2012; Branicky et al., 2014) . Consistent with a previous study , we observed rhythmic calcium oscillations in HSN neurons of wildtype worms in a bath solution of low osmolarity ( Figure 4A ). However, both tmc-1(ok1859) and tmc-1(ok1859);tmc-2(ok1302) double mutants exhibited significantly suppressed HSN calcium activity as indicated by the decreased frequency of calcium spikes ( Figures 4A-4C) . Importantly, expressing TMC-1 in HSN neurons of tmc mutants rescued the defective HSN calcium response, supporting the important role of TMC-1 in HSN neuron activity. By contrast, the HSN calcium activity in tmc-2(ok1302) mutant worms showed no difference from wild-type worms (Figures 4A-4C) , which is consistent with our finding that TMC-2 is not expressed in HSN neurons ( Figure 2E) .
HSN neurons regulate egg-laying behavior by releasing serotonin to stimulate vulval muscle contraction (Schafer, 2006) . As previously reported , exogenous 5-HT application triggered high-frequency rhythmic calcium oscillations in vulval muscles of wild-type worms ( Figure 4D) . Interestingly, the vulval muscle calcium activity was greatly reduced in both tmc-1(ok1859) and tmc-2(ok1302) mutant worms, indicating that both TMC-1 and TMC-2 are essential for maintaining the rhythmic calcium activity of vulval muscles ( Figures 4D-4F ). To provide further evidence, we conducted rescue experiments and found that the overexpression of either TMC-1 or TMC-2 in muscle cells could rescue the defective calcium responses in vulval muscle of both single and double tmc mutants ( Figures 4D-4F ). Collectively, our data suggest that TMC-1 functions in both HSN neurons and vulval muscles, while TMC-2 only acts in vulval muscles to maintain normal calcium activity.
TMC Proteins Modulate Resting Membrane Potential via a Depolarizing Background Leak Conductance
How do TMC proteins modulate the rhythmic calcium activity? To investigate the underlying mechanisms, we conducted whole-cell patch-clamp recordings in the dissected vulval muscles of C. elegans. Similar to a previous report (Gao and Zhen, 2011) , the resting membrane potential of vulval muscles was about À20 mV in our experimental settings ( Figure 5A ). Remarkably, the resting membrane potential in both single and double tmc mutants was greatly hyperpolarized compared to wildtype worms ( Figure 5A ). Resting membrane potential is mainly established by the sodium (Na + )/potassium (K + ) pump and maintained by background resting K + and Na + conductances (Hodgkin, 1958; Lu et al., 2007; Ren, 2011; Xie et al., 2013) . Given that the K + channel-mediated membrane hyperpolarization can antagonize TMC proteins in vulval muscles ( Figure 3N ), we hypothesized that TMC proteins may maintain the resting membrane potential through a background sodium-leak conductance. Consistent with our hypothesis, in wild-type worms, vulval muscles were dramatically hyperpolarized when a Na + -free bath solution was perfused toward the cell body ( Figures S4A-S4C ). By contrast, vulval muscles in tmc mutants were hyperpolarized at basal conditions and the Na + -free bath solution-triggered hyperpolarization was largely reduced in tmc mutants ( Figures 5A,  S4B, and S4C) . Furthermore, to directly compare the Na + -leak currents, we subtracted the currents recorded in Na + -free bath solution from those recorded in normal bath solution ([Na + ] o = 145 mM) at the holding potential of À60 mV (Lu et al., 2007; Xie et al., 2013) . Consistent with our hypothesis, the Na + -leak currents were significantly reduced in tmc mutants ( Figures 5B  and 5C ). More importantly, transgenic expression of either TMC-1 or TMC-2 in vulval muscle cells of tmc-1(ok1859);tmc-2(ok1302) double mutant could rescue its resting membrane potential and Na + -leak current ( Figures 5A-5C ). Therefore, TMC proteins modulate the resting membrane potential and excitability of vulval muscles via a Na + -leak conductance.
Since TMC-1 is expressed in both neurons and muscle cells, we wondered whether TMC-1 also modulates the resting membrane potential and excitability of neurons. First, we recorded the resting membrane potential of HSN neurons and found that HSN neurons were hyperpolarized and the Na + -leak currents were significantly reduced in tmc-1 mutant worms ( Figures 5D-5F ). Next, as TMC-1 is also endogenously expressed in the ASH nociceptive neurons to mediate the alkaline sensation , we recorded ASH neurons and obtained similar results to the ones in HSN neurons ( Figures 5G-5I) . Importantly, transgenic expression of TMC-1 in HSN neurons of tmc-1(ok1859) mutant worms completely rescued the defective resting membrane potential and Na + -leak conductance (Figures 5D-5F ). Collectively, our results support that TMC-1 modulates the resting membrane potential and excitability in both neurons and muscle cells.
To provide extra evidence supporting that TMC proteins modulate basal membrane potential through a Na + -leak conductance, we transfected TMC-1 into multiple cell lines, including HEK293, HeLa, CHO, and primary hippocampus cells. However, we failed to detect the expression of GFP-tagged TMC-1 on the cell surface of these cells (data not shown). This is consistent with multiple previous reports that TMC family proteins cannot reach the plasma membrane in heterologous expression systems (Corey and Holt, 2016; Guo et al., 2016; Kawashima et al., 2011; Wang et al., 2016; Zhang et al., 2016) . Very interestingly, a recent study showed that the ectopic expression of 
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TMC-1 in the alkaline-insensitive ASI neurons can confer alkaline sensitivity and promote the alkali-activated currents in ASI neurons , suggesting that we can use ASI neurons as a heterologous expression system to study TMC proteins. In line with our hypothesis that TMC proteins mediate a background Na + -leak conductance, ectopic expression of TMC-1 depolarized ASI neurons and significantly increased the Na + -leak current ( Figures 5J-5L ). In summary, we conclude that TMC-1 is sufficient to depolarize the resting membrane potential through a Na + -leak conductance. In addition to the background leak conductance, could TMC proteins modulate other ion channels? To test it, we applied a standard voltage ramp protocol (À90 mV -+90 mV) and obtained the current-voltage relationship (I-V) curves of vulval muscles, HSN neurons, and ASH neurons (Figures S4D-S4F ). Since no significant difference was observed between wild-type and tmc mutant worms, tmc mutations seem not to affect the overall health of these cells and TMC proteins do not affect voltagegated ion channels.
The Biophysical and Pharmacological Properties of TMC Proteins
After showing that TMC proteins modulate resting membrane potential through a Na + -leak conductance, we performed further biophysical analysis of the TMC-mediated conductance. Using a standard intracellular solution containing 10.5 mM Na + , we compared the currents recorded in vulval muscles by switching bath solution from 150 mM to 0 mM, 75 mM, or 300 mM Na + . When vulval muscle was perfused with a Na + -free bath solution, an outward current was induced due to the inhibition of inward Na + -leak current (Figures 6A, 6B, and S4A). After the bath solution was switched to a 75 mM Na + solution, the outward current was significantly reduced because of the reduction of Na + -mediated driving force. By contrast, when 300 mM extracellular Na + was perfused, an inward current was observed. Importantly, this Na + -dependent leak current was significantly smaller in tmc-1(ok1859);tmc-2(ok1302) double mutant worms (Figures 6A and 6B) , supporting that TMC proteins mediate an important part of background Na + -leak conductance. However, it should be noted that the background Na + -leak current exhibited a linear relationship with the concentrations of extracellular Na + ( Figure 6B ), indicating that TMC proteins may not be gated by extracellular Na + as proposed before (Chatzigeorgiou et al., 2013) . Next, we conducted classical ion exchange experiments in wild-type and tmc-1(ok1859);tmc-2(ok1302) double mutant worms to investigate the ion selectivity of TMC proteins. By changing the extracellular cations (Na + , K + , Cs + , Li + , Mg 2+ , and Ca 2+ ), we compared the relative ion selectivity of vulval muscles. Although other cations were also permeable, Na + carried the largest leak current ( Figures 6C-6E ), suggesting that TMC proteins have the highest permeability to Na + . Thus, TMC proteins depolarize the cell membrane through a non-selective background leak conductance and its Na + permeability seems to play a major role. As TMC proteins mediate a non-selective cation conductance, we then performed pharmacological analysis with several common cation channel blockers. When the extracellular Na + concentration was switched from 150 mM to 0 mM, the TMC-mediated background Na + -leak current was blocked, resulting in an outward current ( Figures 6A, 6F , and 6G). Interestingly, cation channel blockers amiloride (100 mM), ruthenium red (30 mM), GsMTx-4 (5 mM), FM1-43 (30 mM), or anion channel blocker gluconate (150 mM) failed to inhibit the background Na + -leak current ( Figures 6F and 6G ). By contrast, GdCl 3 (10 mM) induced an outward current by inhibiting the background Na + current and the Gd 3+ -induced outward current was greatly reduced in tmc-1(ok1859);tmc-2(ok1302) double mutant worms ( Figures 6F and 6G ), implying that TMC proteins are inhibited by Gd 3+ .
Many cation channels, including the well-established background Na + -leak NCA/NALCN channels, are modulated by calcium (Clapham, 2007; Lu et al., 2010 Figure 6I ). Therefore, unlike many other cations channels, TMC proteins are insensitive to extracellular Ca 2+ . Since NCA/NALCN proteins are also background Na current in vulval muscles? Based on the existing evidence that NCA channels are exclusively expressed in the nervous system and no NCA protein has been reported to function in vulval muscles (Gao et al., 2015; Yeh et al., 2008) , an unidentified leak conductance might mediate the Ca 2+ -sensitive component of background leak current in vulval muscles.
Mammalian TMC Proteins Can Functionally Substitute TMC-1 and TMC-2 As TMC proteins are evolutionarily conserved, we next asked whether mammalian TMC proteins could functionally substitute their C. elegans counterparts in egg laying and cellular activity. Based on sequence alignment (Figure S5A ), the eight mammalian TMC proteins can be grouped into three subfamilies: TMC1, TMC2, and TMC3 form subfamily 1, TMC5 and TMC6 form subfamily 2, and TMC4, TMC7, and TMC8 form subfamily 3 (Keresztes et al., 2003) . Although C. elegans TMC proteins are most closely aligned with mammalian TMC3, the next closest homologs are mammalian TMC1 and TMC2. Thus, we ectopically expressed mammalian TMC1 (mouse), TMC2 (mouse), or TMC3 (human) in HSN neurons of tmc-1(ok1859) mutant worms and found that the mammalian TMC proteins could partially rescue the egg-laying defect ( Figure 7A ). Furthermore, the defective egg-laying phenotype in tmc-1(ok1859);tmc-2(ok1302) double mutant worms was also partially rescued by expressing mammalian TMC proteins in either neurons (driven by the unc-119 promoter) or muscle cells ( Figure 7A ). Therefore, our results suggest that TMC proteins are functionally conserved in regulating C. elegans egg laying. Based on above egg-laying results, we then reason that mammalian TMC proteins might also modulate membrane excitability through a depolarizing background leak conductance. However, heterologous expression of mammalian TMC proteins in cell lines has been unsuccessful and few studies have been conducted to directly measure the resting membrane potential of tmc mutant mice. Therefore, we decided to take advantage of our transgenic lines expressing mammalian TMC1, TMC2, and TMC3 in HSN neurons and vulval muscles, respectively, and tested their functions in modulating cellular activity. Remarkably, ectopic expression of mammalian TMC proteins largely rescued the defective calcium activities in HSN neurons and vulval muscles of tmc mutant worms ( Figures 7B-7E , S5B, and S5C). Furthermore, we performed patch-clamp recordings of both HSN neurons and vulval muscle cells in tmc mutants that ectopically express mammalian TMC proteins. Again, mammalian TMC1, TMC2, and TMC3 rescued the defective resting membrane potential as well as background Na + -leak conductance in tmc mutant worms ( Figures 7F-7K ). Taken together, the evolutionarily conserved TMC proteins might play a general role in setting resting membrane potential and conducting depolarizing background leak current.
DISCUSSION
Membrane excitability is a unique feature for all excitable membranes that allows animals to quickly respond to various external and internal stimuli (Hille, 2001) . As a result, membrane excitability plays an essential role in sensory perception, cognition, and motor activity (Hille, 2001) . To maintain normal membrane excitability, various depolarizing background leak conductances must counteract with K + -leak conductances in both neurons and muscle cells (Hodgkin, 1958; Ren, 2011) . However, compared to the extensively characterized background K + -leak channels, relatively little is known about the molecular nature of depolarizing background leak conductances. Recent physiological and genetic studies suggest that NCA/NALCN channels mediate an important background Na + -leak conductance in the nervous systems of both invertebrates and mammals (Cochet-Bissuel et al., 2014; Ren, 2011) . Not surprisingly, disruptions of NCA/NALCN proteins cause various neurological disorders, severely impaired respiratory rhythms, and locomotion defects (Cochet-Bissuel et al., 2014) . However, NCA/NALCN channels are mainly expressed in neurons and extra Na + -leak conductances are still present in the absence of NCA/NALCN proteins (Lu et al., 2007; Xie et al., 2013) . Therefore, unidentified membrane proteins must underlie the muscular depolarizing background leak conductances as well as the NCA/NALCN-independent neuronal leak conductances. Our studies demonstrated that TMC proteins are expressed in both neurons and muscle cells to mediate a depolarizing background leak conductance required for the normal egg laying of C. elegans. Thus, TMC proteins may function as another type of background leak channel to modulate membrane excitability. Remarkably, ectopic expression of mammalian TMC proteins in both neurons and muscle cells rescued the defective egg laying and resting membrane potential observed in C. elegans tmc mutants, suggesting that TMC proteins might have an evolutionarily conserved role in modulating membrane excitability. Since both NCA/NALCN and TMC proteins mediate background Na + -leak currents, do TMC proteins act through NCA/NALCN? Multiple lines of evidence argue against this possibility. First, NCA/NALCN and TMC proteins have distinct expression patterns. For example, C. elegans NCA proteins are almost exclusively expressed in neurons (Gao et al., 2015; Xie et al., 2013; Yeh et al., 2008) , while TMC proteins are expressed in both neurons and muscle cells. Second, extensive genetic and biochemical analysis has identified multiple accessory subunits of NCA/NALCN channels such as UNC-80, UNC-79, and NLF-1 (Cochet-Bissuel et al., 2014) . However, TMC proteins Bars represent means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001.
were never detected as binding partners of NCA/NALCN channels. Third, genetic disruptions of NCA/NALCN and TMC proteins result in very different phenotypes in both invertebrates and mammals. For example, C. elegans nca mutants are defective in multiple aspects of locomotion behaviors (Xie et al., 2013; Yeh et al., 2008) , while tmc mutants have wild-type-like locomotion ( Figures S2 and S6 ). In mammals, mutations in Tmc1 cause deafness, while Nalcn mutant mice have normal hearing (Cochet-Bissuel et al., 2014; Kawashima et al., 2015) . Lastly, NCA/NALCN is well established to be inhibited by Ca 2+ (Lu et al., 2010) , while TMC proteins are insensitive to the extracellular Ca 2+ . Taken together, NCA/NALCN and TMC proteins may mediate distinct depolarizing background leak conductances. Eight TMC proteins are present in mammals, among which TMC1 and TMC2 are well established to play an important role in hearing transduction (Corey and Holt, 2016) . Although double knockout of tmc1 and tmc2 genes in mice completely abolishes the mechano-electrical transduction currents (Kawashima et al., 2011; Kim and Fettiplace, 2013) , it remains unclear whether TMC proteins are pore-forming subunits of the inner ear mechanotransduction channels. A major technical hurdle to systematically characterize TMC proteins is that it has been unsuccessful so far to express them as functional ion channels in any heterologous cell lines (Fettiplace, 2016; Wu et al., 2017) . Remarkably, a recent study suggested that TMC-1 can be functionally expressed as a non-selective cation channel in ASI neurons that probably do not express endogenous TMC-1 . Similarly, our results demonstrated that the ectopic expression of TMC-1 can confer a Na + -dependent leak conductance to ASI neurons. Collectively, these ectopic expression experiments indicate that TMC-1 may function as an ion channel by itself at least in C. elegans.
Interestingly, tmc mutations have been linked to distinct sensory and motor defects in multiple species. For example, tmc1 and tmc2 mutant mice are completely deaf, while tmc mutant fly displays a reduced locomotion speed and increased head cast frequency and reversal (Guo et al., 2016; Kawashima et al., 2015) . By contrast, C. elegans tmc mutant is defective in egg laying and sensing noxious alkaline solution. Since both C. elegans and mammalian TMC proteins modulate membrane excitability through a depolarizing background leak conductance, it is possible that TMC proteins regulate these sensorimotor functions by setting normal resting membrane potential. Another possibility is that TMC proteins may be multi-functional. In this case, TMCs may mediate background leak conductance but can also be further activated by additional stimuli such as alkaline pH. A similar phenomenon has been observed with some two-pore-domain potassium leak channels. In this regard, our current finding might provide a unifying explanation on distinct defects observed in various tmc mutant species.
TMC-1 has been previously reported as a sodium-sensitive ion channel in C. elegans (Chatzigeorgiou et al., 2013) . More recently, TMC-1 is shown to mediate an alkaline-activated non-selective cation channel in the nociceptive ASH neurons ). In our current study, we found that TMC proteins mediate a background Na + -leak conductance in the egg-laying circuit (HSN neurons and vulval muscles) but are also permeable to other cations ( Figures 6D and 6E ). It should be noted that the well-established background Na + -leak NCA/NALCN channels are actually also non-selective cation channels (Ren, 2011) . At physiological conditions, the concentration of extracellular Na + is significantly higher than Ca 2+ and other major cations. As a result, Na + conductance may dominate the physiological functions of both NCA/NALCN and TMC proteins. Thus, although TMC proteins are permeable to many cations, their main function is to mediate the Na + -leak conductance.
In conclusion, we have revealed a novel role of TMC proteins in C. elegans egg laying and membrane excitability. Combining behavioral analysis, functional Ca 2+ imaging, and patch-clamp recordings, our results demonstrate that TMC proteins promote C. elegans egg laying and modulate membrane excitability through a depolarizing background leak conductance (Model Figure S7 ). Since TMC proteins are evolutionarily conserved from C. elegans to humans, our results may provide novel insights into the functions of mammalian TMC proteins.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
Optogenetic Experiments
For optogenetic experiments, worms were cultured on OP50-retinal plates at 20 C for two generations before assay. Retinal plates were made by seeding NGM plates with OP50 mixed with all-trans retinal (ATR). 100 mM ATR stock was dissolved in ethanol and the control plates were made by replacing ATR with ethanol in OP50 liquid. To stimulate HSN neurons, worms expressing Pclh-3::ChR2::GFP were illuminated for 30 s, 60 s, and 90 s or 5 Hz with 0.1 mW/mm 2 blue light (440-460 nm). For vulval muscle optogenetic activation, Pmyo-3::CoChR::sl2::tagRFP worms were illuminated with 0.02 mW/mm 2 blue light.
Immunostaining
The standard whole-worm staining was performed as described before (Duerr, 2013) . Briefly, a large quantity of well-fed worms were washed off from NGM plates by M9 buffer and resuspended in distilled water. After freezing the worms on dry ice for at least 20 min, two Super Frost Plus slides were used to freeze-crack the worms and 4% paraformaldehyde was used to fix the worms at room temperature ($30 min). Next, worms were incubated in the blocking solution (5% normal goat serum) for 1 hr before the primary anti-GFP antibody (Sigma, 1:500) was added to the samples for overnight incubation (4 C). After extensive washing and a 1 hr secondary antibody (Alexa 488, 1:1,000) incubation, samples were mounted on slides for subsequent imaging experiments.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis was performed using GraphPad Prism 7 and Igor Pro5.0 (Wavemetrics) software. Error bars were mean ± SEM. p values were determined by Student's t test. If the data did not meet the normal distribution, the Wilcoxon test was used. p < 0.05 was considered as statistically significant. The sample sizes were determined by the reproducibility of the experiments and are similar to the ones generally adopted by the field.
